Mandate

-BriX workshop "Nuclear Physics Research at the MYRRHA Accelerator".
-http://www.sckcen.be/sckcen en/activities/conf/conferences/brix/index.shtml

- Overview of the present and future activities for the production of high intensity radioactive ion
beams at ISOLDE-CERN (including a very brief overview of ISOLDE's research program, to set the
scene).

- Advice on the feasibility, interest and need for intense radioactive ion beams of alkali and gaseous
elements available for long beam times.

- Impression about the idea of our plans for nuclear physics research at the MYRRHA accelerator.

Concerning your specific question on the proton beam characteristics, a linear accelerator is the
scenario that is chosen. More information is available on the MYRRHA website:
http://www.sckcen.be/myrrha/home.php

Mark told me about your suggestion for medical applications related to RIB's as well as about Yacine
Kadi who could contribute as well.

7th April 2008 BriX workshop, J. Lettry CERN 1



From ISOLDE

Isotope Separation On-Line

Radioisotope lon-Beams production to MYRRHA

Physics with RIBs at ISOLDE

\

* Nuclear & Atomic Physics

* Nuclear reactions, cross sections
e |sotope production rates

* Release and decay losses

* lonization efficiencies

e Selectivity

* RIB-Yields

e Heat dissipation (EURISOL-DS)

» Astrophysics
e Solid state physics
 Post accelerated RIBs

* RIBs for medical applications
and research

Multi-purpose Interest
L hYbrid Research Reactor & Need
Feasibility .

High-tech R/Bs Applications ?

7th April 2008 BriX workshop, J. Lettry CERN 2



Historic snapshot of ISOLDE’s RIB production

1951 University of Copenhagen: Birth of RIBs
Xe radioisotopes produced via neutron induced fission of uranium

1961 First experiment by Danish Radio-A/chemists at the SC.
1967 ISOLDE at the SC; 10 nA, 600 MeV p*

1974 ISOLDE 2, 1 pA

1982 High Resolution mass Separator 1965-1990: 334 targets

1992 ISOLDE at the PSB; 2 yA, 1 GeV p*

1999 4 YA, 1.4 GeV p*

2000 REX ISOLDE

2002 Push-pull operations (2 Front-Ends)

2006 LARIS laboratory

2007 RFQ-Cooler & Buncher

2008 Solid state RILIS 1992-2007: 370 targets

377 Physics 8h-shifts/year
~23 Target and ion-source | One thousand Radioisotope lon beams

units/year from seventy elements




ISOLDE Target station &
target handling robots

Class A laboratory

Zlsotopes (Activity/LA) > 107000 < , Proton s

------

/'

-
= . N :/

PROJET_EXTENSION BAT 179_VUE GENERALE _1/200




ISOLDE 60 kV
Electrostatic
accelerator

Av. P-beam intensities:
ISOLDE: 2 pA - O(30 mSv/h) Hands on maintenance
MYRRHA: 200 pA - O(3 Sv/h) full remote handling

Vacuum vessel +60kV

lon source

Grounded x-y-z movable

extraction electrode

AR

Electrostatic quadrupole tri

his %ﬁ

I \I\

=

1

Turbo molecular pumps
(2x1000 I/min)

1

Protons: 5x10%° p/y, Material Dose: 5 MGyly
Contamination (after 6 month cooling): > MBg/cm2

Iet

lon beam




“Thick” target ISOL

Experiment & Post acceleration

Pre-Separation, Separation
Extraction, beam optics

<

lonisation =P |on-source & Transfer line
(Ta,Mo,Nb, C....)
Molecular transport
Effusion
+- 8V
~1 GeV p-driver  Nucl. reaction o) 500A

Protons |

Target material 5-200 g/cm?
“Oven - Radiator” (Ta,Mo,Nb, C ...) +-9V
1000A

<=[




Target materials

& nuclear reactions

B Th

B Pb
mw

HTa

O Ce

B Sn

HNb
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U + 600 MeV p CASCABLA, A. Junghans

= 238-U 0.6 GeV
= Nat. & stable

100 600 MeV proton induced Spallation
80 - %
60 S 3
—
40 -
600 MeV proton induced Fission
20 -
0 I T T T T T T T 1
0 20 40 60 80 100 120 140 160

Neutrons




Total cross section [mbarn]

- The production cross sections are summed for all isotopes of an element

High energy protons on 238U
Production cross sections CASCABLA (AD 2000), A. Junghans

1E+3
Fragmentation

o
IR,

1E+2 -

1E+1 - o
Fission

1E+0 -

—— 1.4GeV 2.59 barn
1E-1 -

—— 1GeV 2.48 barn \

Spallation

1E-2 1 — 600MeV 2.25 barn
1E—3 I I I I I I I I
0 10 20 30 40 50 60 70 90
Element (2)

- The total cross section are given for 0.6, 1 and 1.4 GeV protons.



Yields obtained with
0.6,1.0& 1.4 GeV
protons

SC to PS-Booster:
600 MeV to 1.0 GeV p*

= N N
(62} o (63}
| | |
\ \ \

O

=
o
|
\

Yield ratio 1to 0.6 GeV p"
(6]
O

o

24 26 28 30 32

Na isotope

Yield ratio 1.4 to 1GeV

PS-Booster:

1 GeVto 1.4 GeV p*

o UC-159 MK7

= ThC-141 W-surf.
¢ Pb-116 MK3

o Nb-160 W-surf.




1/uCb

1E+11

1E+10

1E+09

1E+08

1E+07

1E+06

1E+05

1E+04

1E+03

1E+02

1E+01

1E+00

28th Feb. 2008

Beam purification:
1 GeV p + LaC target 10 g/cm?
Silverberg & Tsao Production rates

20

60 80

Isotope mass [amu]
EURISOL-DS J. Lettry

Not very convenient !

120

140

——2 He
5B
—*—7N
—+—9F
—=—11Na
13 Al
~-15P
—+-17ClI
—— 19K
—+—21Sc
—4—23V
—— 25 Mn
——27Co
——29Cu
—=— 31 Ga
——33 As
35 Br
——37Rb
39Y
—+—41Nb
—*— 43 Tc
—+—45Rh
47 Ag
49 1In
51 Sh
531
——55Cs
~+ b7La

—=— 4 Be
—<—6C
——80
—— 10 Ne
12 Mg
14 Si
~%-16S
18 Ar
-——20Ca
e 22T
—x—24 Cr
—— 26 Fe
—— 28 Ni
——302Zn
—— 32 Ge
—— 34 Se
—— 36 Kr
——38Sr
—=—40 Zr
—— 42 Mo
—— 44 Ru
——46 Pd
—+-48Cd
—0—50 Sn
52 Te
—— 54 Xe
——56 Ba
—=—58Ce

11




Neutrons vs. 1-1.4 GeV protons
Yields of Kr, Xe and Cs for a 50 g/cm2 depleted U-target

= p+ on UC-target
e p+ on Ta-converter
—— Ratio

Cs-yields
. . . UC,-183
The yields of very n-rich isotopes obtained 2
via neutron induced fission of Th or U 1E+10
are close to those of high energy protons. E+9{ W
1E+8 A
10 - R 1E+7 - o *
al ° ., UC, +W-converter ¢ 1Gev Q 1E
_ 0 1.4GeV S
= (@)
=6 o ¢ s
i . ¢ L 1E+4
= O, *8ee o o s
=4 %o ¢ °o, ¢ |
> oo 000 ¢ 1E+3
27 1E+2 |
0 ‘ \ T w 1E+1 A
85 90 9% 100 135 140 145 150
1E+0

100

o® 1 80

T 60

ratio [-]

1 40

T 20

KI mass [amy] X€ mass [amul]

Spallation

132 134 136 138 140 142 144 146 148 150

0

1 Cs mass
Fission




YR . ‘Be 53.3d
Lithium-Release Beryllium decay losses | o >+
1] 10Be 1.6 My
#e0K N 11Be 13.8s
60 )
= = 12Be 23.6 ms
2050 K f‘ % 1E+107 14Be 4.35ms
é 40 -I_ 1 E+08 -
D ¢ 2 E O
o 3 = 1E+06 -
1925 K < 8 —0—Be (U,C)
20 ‘_I: $ 104 4 O Yield -
@ ¢ RFcorrected
K e 1E+02 A
1625K (R St S 0 -
00 02 04 06 08 10 1E+00 | ‘ | |
6 8 10 12 14
Time [s] mass [amu]
10.00 Ta-126 : 50pum Decay losses of 4 orders of magnitude for very
Ta-129: 2um short lived isotopes
UC,+C powder
g 1.00
§ Diffusion & Effusion
ER I—_Ilgh temperature and
minimum foil thickness,
fiber diameter or grain size
0'O:i.E-ia 1.I£-2 1.I£-1 1.I£+0 1.Ié+1 1.Ié+2 " 1E+3 1E+4 EURISOL-DS J. Lettry 13

time [s]



Half lives

.Il -|l:=. [ ]
100 - uas | 1 L
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i e --
0 2‘0 4‘0 6‘0 8‘0 160 1£O 14‘10 1é0
neutrons

28th Feb. 2008 EURISOL-DS . Lettry 14




Noble gases released from UC,-159

Normalized countrate [a.u.]

Noble gases from UCx target and MK7 ion-source

—— 13-May 220Rn

—o— 13-May Xe 139
10000 - —o—13-May Kr 90

—e— 18-May 43Ar
—o— 17-May 23Ne

8000 —e—13-May 6He

6000 KX

4000 \< \\

2000

e
0 ol
1 10 100 1000 10000 100000
time [ms]

28th Feb. 2008

EURISOL-DS . Lettry

ISOLDE
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RIB-lon-sources efficiencies

100.0% -

10.0% - |

LaBg-surface
KENIS

lonisation efficiency

1.0% - \

0.1% J

W-surface

0
Electron Affinity

28th Feb. 2008

12 16 20

lonisation potential [4-25 eV]

EURISOL-DS

24

J. Lettry

lonization potential [eV]

25
P o0 ECR?
o A Negative
20 ¢ Plasma
a o Surface
o)
15 1 0 o
>0
o 2 N o
0 0 e S
o o o VoS
4 é?” > @
Q
5 o Son o[§§§; fmﬁxg o o
O \ \ \ \ \

0

60

80 100
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lon source IP-extrapolated efficiencies of all
elements released at ISOLDE SC and PS-booster

lonization efficiency [%]

100%

10%

1%

0%

25

20

15

10

ionization potential [eV]

—— Plasma fit n. gases
—a— W(O) surf 5.9eV
—o— LaB6 neg surf.

—— LIS

X

[
+
]

MiniMONO GANIL
MiniMONO CERN
ECR 1+ per. mag.
lon. Pot.

28th Feb. 2008 EURISOL-DS . Lettry

17




Fission yields :
Depleted Uranium target
fissions induced via Proton &
neutron

Estimation of the elements yields :

Prod. Rate x ionization eff. of best ion-source

for elements produced at ISOLDE

fission yield

100.000%

10.000%

1.000%

0.100%

——40 MeV p
—=— 600 MeV p
1GeVp
——1.4GeVp
—x— 14 MeV n

0.010%

0.001%
10 30 50 70

90

p-data: ABRABLA GSI (without IMF)

28th Feb. 2008

0.000%

EURISOL-DS

——40 MeV p
—=— 600 MeV p
1GeVp
—<-1.4GeV p
—x— 14MeV n x Eis

20 30 40 50 60 70 80 90

J. Lettry Z 18




Noble gases: He, Ne, Ar, Kr, Xe, Rn
Extrapolation of ISOLDE-SC yields to MYRRHA-RIBs

o
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Assuming constant IS-Efficiencies and release fractions; and a 600 MeV proton driver of 100 pA:
MYRRHA-RIB rates [s-1] = 100 x ISOLDE-SC Yields [1/uC]

7th April 2008 BriX workshop, J. Lettry CERN 19




On-Line Efficiencies: E—
= U z ;b -
I' RIBs from UC, (13 g/cm?) g 10° ! .~y
5 10 P
E 10* . d
2 N
at  SOLDE-SC O :
107 Y in-target production
10 ® Extracted yield
|01-1 L ? L L L L L L L L 1 1 L 1 1 1 L L L L L i L L L L
Systematic comparison of ISOLDE-SC yields 200 205 210 215 220 225 230
with calculated in-target production rates A
10‘; |
a8
S. Lukié,1 F. Gevaert, A. Keli¢, M. V. Ricciardi, K.-H. Schmidt, O. Yordanov :]]g 2 'TL. * A * e %o
L4
GSI, Planckstr. 1, 64291 Darmstadt, Germany m ot i
Z ] "
2102 hd . .
10 .
= 1(:-_2 -,
10 |
10 5
10 4
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Released Fraction x lonization efficiency : 200 205 210 215 220 225 230
e(t,,) = Yield / production rate
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ISOLDE-SC-target materials for the production of Noble

gases
Noble IP lon-source efficiencies GSI-fit ISOLDE-SC Targets,
Gases X [g/cm2

eV | FEBIAD ECR Es [8/cm2]
2| He | 24.59 0.2% 20% ThC, 55

10| Ne | 21.56 0.7% 35%| 1.5% 10.0%(mg0, 3 |ThC, 55

18| Ar | 15.76 6.6% 90%]| 14.7% 11.6%]|Ca0, 5.4 |VC,38 ThC

36 Kr | 14.00 | 12.8% 95%]| 13.0% 22.0%(Nb, 50 [ThC, 55

541 Xe | 12.13 | 23.9% 95% 60% |La, 124 |ThC, 55

86 Rn | 10.75 | 35.6% 95% ThC, 55

Insulating material
Liquid target
10-30 kW




(atoms/ nC)

(atoms/,i:)

Enhancing Ar by charge breeding (ECR)

| o4 ga.a
106; . - A..‘. : ™
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100« ar "t
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L. Weissman et al, PRC67(2003)054314
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Alkalis LI, Na, K, Rb, Cs+ Lanthanides, Fr :
Extrapolation of ISOLDE-SC yields to MYRRHA-RIBs
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Assuming constant IS-Efficiencies and release fractions; and a 600 MeV proton driver of 100 pA:
MYRRHA-RIB rates [s-1] = 100 x ISOLDE-SC Yields [1/uC]
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ISOLDE-SC-target materials for the production of

Alkalis and Rare Earth

Low melting point

Liquid target

10-30 kW

Alkalis & P GSHit | |SOLDE-SC Targets,
. Hot-surf
Lanthanides =y W53 oV Es X [g/cm2]

3 Li 5.39 23.7% Ta, 133 uUcC, 13
11 Na 5.14 53.8% 26%| Ti, 40 uUcC, 13
19 4.34 98.8% 24%| Ta, 133 ugC, 13
37 Rb 4.17 99.5% 41%| Ta, 133 uUcC, 13
55 Cs 3.89 99.9% 96%| Ta, 133 ugC, 13
87 Fr 3.90 99.9% 56% ucC, 13
57 La 5.58 10.2% Ta, 120
58 Ce 5.54 12.4% Ta, 120
59 Pr 5.46 17.7% Ta, 120 ucC, 13
60 Nd 553 12.9% Ta, 120 uUcC, 13
61 Pm 5.55 11.8% Ta, 120 ugC, 13
62| Sm 5.64 7.7% GdlLa, 29 | Ta, 120
63 Eu 5.67 6.6% GdlLa, 29 | Ta, 120
64 Gd 6.15 0.6% Ta,120
65 Tb 5.86 2.5% Ta,120
66 Dy 5.94 1.7% Ta,120
67| Ho 6.02 1.1% Ta,120
68 Er 6.11 0.7% Ta,120
69 Tm 6.18 0.5% Ta,120
70 Yb 6.25 0.3% Ta-powder,120
71 Lu 5.42 21.0% Ta, 120 | ThTa, 5.5




The ISOLDE facility
2008

Class A Lab.
Hot Cell

Target stations

Robots HRS & GPS PS-Booster
Mass-sep. 1.4 GeV protons
HRS-GPS
//3><1013 opp
REX-ISOLDE ISCOOL at 0,4 Hz
Trap & EBIS RILIS

LINAC

Control Room

COLLAPS  MISTRAL

ISOLTRAP COMPLIS
WITCH
ASPIC
NICOLE &
7th April 2008 BriX workshop, J. Lettry CERN 25



2007: 377 RIB-shifts (8h)

47% Resonant Laser ionization PhYSlCS at lSOLDE

) Biology and
Cmrer:::t:f‘ s Medicine Particle and
21% i
Target & IS 10.1% Aﬁrgwﬁ
development -
(+REX MD}
15 6% Atomic Physics
experiments
Development 1ask
experiments

2.9%

Weak Interaction and Solid State Physics

Nuclear Physics 7.9%
38.4%
200
180
160 % BBiology and Medicine
140 - AParticle and
120

ml
.
J

4| [ [

. . Astrophysics
100 . . O Atomnic Physics
80 = I experiments
. B Solid state physics
60 Lo I

40
20

BVyeak Interaction and
Muclear Physics

——

9 _l

-

o
S &§ & A
RS S A. Herlert

7th April 2008




I
S csicr

%" * Beta decay of an exotic nuclei Nuclear physics:

Nuclear Experimental

20.6 B- Even a neutron rich- nuclei emit I
3/2 131Li charged particles 1996
8

T,,=8ms /////// 17.916
1983 9Li+d 0
1966 Li
15.721 -
8Li+t @
10.59 -
1980 %
8 82 1979 8.982 d
&z 7.315  20+3n
0.320 -
Energias Jy
(MeV) 0.320 Y+
liBe
1113(3
NUPAC, 10-12 October M.J.G. Borge, IEM, CSIC, Madrid (Spain) 27

2005



Solid state physics:
Emission
Channeling

interstitial ° substitutional

impurity Q impurity @ o
o Q@ @
o @ @
o @ @ o

Study of annealing

7th April 2008

Lattice location of implanted ions
and characterization of implantation-

induced damage in Ge
f Stefan Decoster ()

Nuclear Solid State Physics

1415

1S

LEUVEN

K.U.Leuven

B. De Vries(t), A. Vantomme™®), U. Wahl(Z,
G. Correial2:3) and ISOLDE collaboration()
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1S413: in-trap decay mass spectroscopy

[A. Herlert et al.]

not produced
at ISOLDE

‘

100

320
300 +

280

mean TOF / us

260

240 +

z (mm)

-50

(v, - 1490700.3 Hz) / Hz

7th April 2008 L.M. Fraile

-100

U, (V)

BriX workshop, J. Lettry CERN
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Astro physics: Rp-process above Z = 32

Masses are among the most critical nuclear parameters !
For trap, see presentation by K. Blaum
N=Z
Nuclide Half-life  Accuracy

72Ky 17.3 s 1x107 Z=39
Sr73 Sr74 Sr75 Sr7
D. Rodriguez, Phys. Rev. Lett. 93, 161104 (2004) 38 :.‘

Rb71 |Ro72 |R073  Rb Roi5

k6o | k7o | k71 [K7gA ks | ke7a ko Gl Ks2
>
3 i © O

L] L]
Br67 Bré8 Br69 Bri' ’Br’ill ’Br":z Br73 Br79 Br80 Brg1
35 : © O
| |

Se65 | Se66 | Se67 |'Se6”| Sebo | Se70 | Se7l | Ser2 Se76  Se77  Se78 Ses0

& »
Wk mJOI O O O
Ge70 Ge72 Ge73 Ge74 Ge76

As63 | As64  Asps [ ngeg” ‘Asb7 ”%SESS As69 | As70
Ge62 | Ge63 Ge- Ge65 | Ge66 | Ge67 | Ge68 | Ge69
----- possible rp - process main path (in type | x-ray bursts)
(H. Schatz et al. Phys. Rep. 294 (1998) 167)
possible waiting points ISOLTRAP measurements
mass excess not yet measured O 2000 -2002
(AME95) © before 2000

A. Jokinen et al. @ Canadian Penning Trap




Medical applications:

Radiolanthanides for PET

142Sm EDTMP in vivo study

G. Beyer

7th April 2008

Alpha Therapy with 14°Tb

10° Limphoma cells injection
After 2 days, treatment of the SCID mice

Survival of Severe Combined Immuno Deficient mice

100
90
80
70
60

5 MBq °Th, 5 ug MoAb

300 ug MoAb

50
40
30
20
10

% of survived mice

BriX workshop, J. Lettry CERN

5 ug MoAb

40 60 80 100
Survival time, days

G.J.Beyer, M.Miederer, J.Comor et al.,

EJNM (2003)
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EURISOL-DS irradiation studies at PSI

* Development of multi-
sample holder for the
irradiation of prospective
target materials for the
EURISOL at the PSI-LISOR
facility

e Testing mechanical and
diffusion properties of
various samples

S. Marzari, R. Catherall, T. Stora, E. Bouquerel

27 October 2005 J. Lettry CERN AB-ATB 32



Materials

Graphitic foam
ORNL

Fiber of carbon nanotubes
(Heat transfer properties)

Carbides C-fibers

Composites SETEEN
~ R4 s R, <8 :
= Production T t - ISOLDE A. Sousa TS/MME
bettoreei P " Trickness Morphology
27 October 2005 J. Lettry CERN AB-ATB 33

SiC-pressed powder



Super material design vs target life
Nanolsttlrmrg Al,O,

14h, 970 C 17h, 1250 C

T. Stora

27 October 2005 J. Lettry CERN AB-ATB 34



BET isotherm for
specific surface ratio
determination

i.e. SiC pills

Thermocouple

r lauge capacitance
Jauge & bilke
Injection de Xe Ei-;,q_pe -jel _—

rupd.ure-
Jauge r.1i|inn|_IE' ,-f") I - ;1
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Iy IJ_L|
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Fig. 4. Thermal conductivity A 05(][) normalized at 600°C as a function of neutron damage.
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Do we need to measure these properties during irradiation at high temperature
under realistic conditions ?
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Summary - outlook

Feasibility.
— Production of Noble Gases via carbide, oxide or metallic targets equipped
with cold transfer lines and ECRs

— Production of Alkalis and rare earth via Metallic or Actinide targets and hot
surface ion-sources

— Actinide targets for fission fragment either with direct irradiation or via a n-
spallation source.

— Properties of target and ion-source materials under irradiation, Power
dissipation and decay losses are studied within the EURISOL-DS targetry
R&D program:

« Towards 100 kW direct targets. T. Stora et.al.
» Fissile targets driven by 4 MW spallation n-sources. Y. Kadi & L. Tecchio et.al
» Safety aspects. D. Ridikas et.al

Interest & needs

— Broad research field are open world wide, among them noble gases and
alkalis are the easiest to produce,
— Applications requiring industrial reliability:
» Medical applications of rare earths from Ta,W,Hg converters, free Fission products
— U. Koester and Y. Kadi

— All may require other elements, keep options open for other ion-sources and
chemically selective systems as beam purity is often a requirement form
users.
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